Abstract activated protein kinases, MAPKs; PD98059; tyrosine phosphorylation. In-gel protein kinase assays using myelin basic protein (MBP) as substrate have been used to demonstrate that abscisic acid (ABA) activates an MBP kinase
Introduction (AMBP kinase) in epidermal peels prepared from leaves
The hormone abscisic acid (ABA) induces a myriad of of the Argenteum mutant of pea, Pisum sativum L. cellular responses in plants via complex signal transduc-AMBP kinase has the characteristics of a mitogention cascades, leading to tolerance towards various activated protein kinase (MAPK): it utilizes MBP preferstresses, including cold, drought and salinity (Leung and entially as an artificial substrate, it is rapidly and tranGiraudat, 1998). Stomatal guard cells represent specific siently activated, it is of the appropriate size target cells for ABA with well-characterized membrane (molecular weight c. 45 kDa), requires tyrosine phosresponses as well as nuclear ones involving gene expresphorylation for activity and is tyrosine phosphorylated sion (Leung and Giraudat, 1998) . Reversible protein upon activation. Reverse transcription-PCR was used phosphorylation is a central process regulating ABAto generate a previously-cloned MAPK from guard induced stomatal responses ( Esser et al., 1997) , and cells, epidermis and mesophyll and immunoblotting specific protein kinases have been shown to be activated using an antibody raised against a mammalian MAPK by ABA in Vicia faba guard cell protoplasts (Li and detected MAPK-related proteins, including one of Assman, 1996; Mori and Muto, 1997) . 45 kDa, in epidermal peels, mesophyll and guard cells.
Mitogen-activated protein kinase (MAPK )-based sigInhibition of AMBP kinase activation by PD98059, a nalling cascades are ubiquitous components of all eukaryspecific inhibitor of MAPK kinase, and thus MAPK otic cells (Hirt, 1997; Mizoguchi et al., 1997) . MAPKs activation, correlated with PD98059-inhibition of ABAare serine/threonine protein kinases that phosphorylate a induced stomatal closure and dehydrin gene expresrange of substrates to activate various cellular responses, sion, suggesting that ABA effects in pea epidermal including gene expression and membrane transport, in peels require MAPK activation. AMBP kinase was not different cells (Cohen, 1997; Hirt, 1997) . MAPKs are activated by ABA in guard cells isolated by enzyme themselves activated via dual phosphorylation on threontreatment. However, a protein kinase of c. 43 kDa was ine and tyrosine residues by MAPK kinases (MAPKKs) activated by ABA in isolated guard cells, but not in which in turn are activated via phosphorylation by mesophyll or epidermal tissue.
MAPKK kinases (MAPKKKs) . A large number of these enzymes have already been identified in plants and it seems very likely that they transduce responses to many Key words: Abscisic acid, ABA; guard cells; mitogen cDNA probe as described previously (Hey et al., 1997). external signals, including plant hormones (Hirt, 1997;  Equivalent RNA loadings were monitored by UV analysis and Mizoguchi et al., 1997) .
ethidium bromide staining of gels. Blots were stripped and Using epidermal peels from the Argenteum mutant of rehybridized with a labelled probe representing a membrane Pisum sativum, previous work in this laboratory has intrinsic protein (MIP) constitutively expressed in guard cells shown that protein phosphorylation and dephosphoryl- ( EC Burnett and SJ Neill, unpublished data). ation are necessary events for ABA-induced stomatal
Reverse transcription-PCR (RT-PCR) and cloning
closure and dehydrin gene expression (Hey et al., 1997) .
Messenger RNA was isolated from guard cells and mesophyll This report provides evidence that ABA activates a tissue as described previously (Hey et al., 1997) and used as a MAPK-like enzyme in pea epidermal peels, and that template for RT-PCR. Primers for the PCR were designed epidermis and guard cells contain both mRNA and against specific sequences in the pea MAPK cDNA protein corresponding to a previously isolated pea gene D5/PsMAPK (Stafstrom et al., 1993; Popping et al., 1996) and encoding a potential MAPK. In addition, data are preused to generate the predicted 720 bp fragment: sense primer (5∞ CGTGAAATCAAGCTCGTTCGCC 3∞) and antisense sented to correlate activation and inhibition of the ABAprimer (5∞ CAAGTAAGGGTGTGCCAGTGCA 3∞). Reverse activated epidermal MAPK with stomatal responses to transcription was performed by incubating 20 ml reactions ABA.
containing 1 mg RNA, 1×first strand buffer (GibcoBRL, Paisley, UK ), 0.5 mg random primers (Promega, Southampton, UK ), 2.5 mM each of dATP, dCTP, dGTP, and dTTP
Materials and methods
(Pharmacia, St Albans, UK ), 10 mM DTT, 20 units of RNasin (Promega) and 200 units of SuperScript II reverse transcriptase Preparation of plant material (GibcoBRL) at 42°C for 40 min. PCR conditions were as Epidermal peels, mesophyll tissue and isolated guard cells were follows: 1 cycle at 94°C, 3 min, followed by 35 cycles at 94°C prepared from leaves of the Argenteum mutant of pea, Pisum for 45 s denaturing temperature, 55°C for 1 min annealing sativum L., and treated with ABA as described previously (Hey temperature and 72°C for 1 min extension temperature, followed et al., 1997). PD98059 (Calbiochem-Novabiochem, Nottingham, by an additional 1 cycle at 72°C for 5 min. Each PCR reaction UK ) was made up as a stock solution (1.8×10−2 M ) in (50 ml ) contained 1×PCR buffer (10 mM TRIS-HCl, pH 8.8, dimethylsulphoxide (DMSO) before addition to incubation 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100), 0.1 mM solutions. Controls contained equivalent amounts of DMSO.
each of dATP, dCTP, dGTP, and dTTP, 2 units of Dynazyme II DNA polymerase (Flowgen, Lichfield, UK ) and 200 pmol Stomatal assays each sense and antisense primer. Negative controls used Stomatal opening and closing was monitored as described equivalent amounts of RNA not subjected to reverse previously (Hey et al., 1997) . Measurements of stomatal transcription. aperture, following opening or closing in response to various PCR products were separated by agarose electrophoresis and treatments, were made by analysis of unstained epidermal purified using a Qiaex II kit (Qiagen Ltd, West Sussex, UK ). strips, with a light microscope under bright-field illumination.
One ml of the resuspended DNA was used to clone the PCR Stomatal apertures were compared with an eyepiece graticule products into the linearized vector pCRII (Invitrogen, San which was calibrated with a 100×10 mm slide micrometer scale.
Diego, USA). Cloned fragments were sequenced by PCR-cycle Experiments were repeated several times on different occasions sequencing (Perkin-Elmer, New Jersey, USA). with different plants. Cell viability was assessed by staining with fluorescein diacetate (Hey et al., 1997) .
Protein extraction To monitor stomatal opening, epidermal strips were prepared Epidermal peels, mesophyll tissue and isolated guard cells were from the underside of fully expanded leaves of mature plants incubated with buffer or ABA at the indicated concentrations which had been kept in the dark overnight. Several leaves were and times, and frozen in liquid nitrogen. Frozen material was peeled and the epidermal strips pooled in MES buffer (0.01 M ground with a mortar and pestle under liquid nitrogen, followed MES-KOH, pH 6.15; 0.05 M KCl ). The strips were then by homogenization at 4°C with 2 vols of protein extraction removed to one of a range of treatment solutions in Petri buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, dishes. The stomata were induced to open by incubation in 10 mM DTT, 10 mM Na 3 VO 4 , 10 mM NaF, 50 mM abright light (c. 300 mmol m−2 s−1 PAR) for 2 h, beyond which glycerophosphate, 1 mM PMSF, 5 mg ml−1 aprotinin, and 5 mg time no further changes in stomatal aperture could be detected. ml−1 leupeptin). The ground slurry was then centrifuged in a The apertures of ten randomly chosen stomata were measured microcentrifuge (13 000 rpm, 20 min, 4°C ). Aliquots of the on five epidermal peels and the mean stomatal apertures supernatants were put into clean tubes, snap frozen in liquid calculated. To monitor stomatal closure, stomata were firstly nitrogen and stored at −80°C for later use. Protein concentraopened fully by floating epidermal strips on MES buffer in the tions were estimated using the Bradford assay (Bradford, 1976) . light (as above). Stomata were taken to be fully open when stomatal apertures no longer increased under these conditions.
In-gel protein kinase assays Once the stomata were fully open, the epidermal strips were transferred to one of a range of incubation solutions in Petri Three mg of protein extracts were electrophoresed on 10% SDSdishes and incubated in the light for 2 h. After this time no polyacrylamide gels embedded with either 0.5 mg ml−1 myelin further changes in stomatal apertures could be detected and the basic protein (MBP from bovine brain; Sigma, Poole, UK ), final stomatal apertures were recorded. dephosphorylated casein (1 mg ml−1; Sigma) or histone (1 mg ml−1; type III S-S, Sigma) in the resolving gel as RNA blot analysis substrates for the kinase. Pre-stained molecular weight markers (New England Biolabs, Herts, UK ) were used as standards. Total RNA was isolated from treated epidermal peels and subjected to RNA blot analysis using a [a-32P]-labelled dehydrin After electrophoresis at 100 V for 2 h, SDS was removed from the gel by washing the gel with 100 ml of washing buffer (25 mM TRIS-HCl, pH 7.5, 0.5 mM DTT, 0.1 mM Na 3 VO 4 , 5 mM NaF, 0.5 mg ml−1 BSA, and 0.1% Triton X-100) three times for 30 min each at room temperature with gentle shaking. The proteins were then denatured by incubating the gel in 100 ml of denaturation buffer (6 M guanidine-HCl, 50 mM TRIS-HCl, pH 8, 5 mM 2-mercaptoethanol ) for 1 h at room temperature. Proteins were subsequently renatured overnight at 4°C in 200 ml of renaturation buffer (25 mM TRIS-HCl, pH 8, 1 mM DTT, 0.1 mM Na 3 VO 4 , and 5 mM NaF ) with at least three changes of the buffer. The gel was then incubated at room temperature in 30 ml of reaction buffer (25 mM TRIS-HCl, pH 8, 2 mM EGTA, 12 mM MgCl 2 , 1 mM DTT, and 0.1 mM removed by washing the gel for 5-6 h at room temperature with several changes of 5% (w/v) trichloroacetic acid and 1% (w/v) sodium pyrophosphate. The gel was dried onto Whatman antibody (Santa Cruz Biotechnology, California, USA) and 3MM paper and subjected to autoradiography.
hybridization detected using an ECL Western blotting detection kit (Amersham, UK ). In vitro treatment of protein extracts with protein tyrosine phosphatase
Results
For protein tyrosine phosphatase treatment, 3 mg of protein extracts from ABA-treated epidermal peels were isolated as ABA induces the activation of an MBP kinase in epidermal described above and incubated with 5U of protein tyrosine peels phosphatase b ( Upstate Biotechnology Inc., NY, USA) in phosphatase buffer (25 mM HEPES, pH 7.2, 50 mM NaCl, 5
To determine the presence of MAP kinases in epidermal mM DTT, 2.5 mM EDTA, and 100 mg ml−1 BSA) at 30°C for peels, in-gel assays were performed on protein extracts 30 min. The samples were subsequently denatured and in-gel from epidermal peels treated with ABA, using myelin assays performed as described above. EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM NaF, 10 mM aglycerophosphate, 5 mg ml−1 aprotinin, 5 mg ml−1 leupeptin, 1 alone had no effect on the activation of this kinase ( Fig. mM PMSF, and 0.5% Triton-X 100). About 30 ml packed 1). In-gel assays performed using either no substrate, or volume of protein G sepharose (Sigma, UK ) was added and casein and histone as substrates, demonstrated that this incubated for a further 2 h. The sepharose bead-protein ABA-activated kinase possessed no significant auto-, complexes were pelleted by gentle centrifugation (1000 rpm), casein-, or histone-phosphorylating activity (data not and subsequently washed twice in wash buffer (20 mM TRIS, pH 7.5, 5 mM EDTA, 100 mM NaCl, 1% Triton-X 100) and shown). confirm equal protein loading, destained in 14% methanol, 10% acetic acid, and then dried and subjected to autoradiography.
Epidermal peels contain proteins immunologically related to MAP kinases
Western analysis Crude protein extracts from epidermal peels, mesophyll tissue
To demonstrate the presence of MAPK-related proteins, or isolated guard cells treated with or without ABA were and to determine whether ABA altered the amount of isolated as described above, fractionated by SDS-PAGE and such proteins, protein extracts from epidermal peels transferred to nitrocellulose as described previously (Desikan et al., 1996) . Membranes were hybridized with an anti-ERK1 incubated in buffer or 10−4 M ABA for 5 min were plexes were then assayed for in vitro kinase activity by using MBP and c-32P-ATP as substrates, and subsequently subjected to Western analysis (Fig. 3) , using an antianalysing the phosphorylated MBP using SDS-PAGE. As ERK1 antibody previously shown to react with plant shown in Fig. 4B , treatment with ABA resulted in an MAPKs ( Knetsch et al., 1996; Wilson et al., 1998) . The increase in immunoprecipitated tyrosine phosphorylatedantibody recognized three proteins of c. 45, 49 and 51 kDa MBP kinase activity, compared to control treatments in both control-treated and ABA-treated epidermal peels.
with buffer alone. This result demonstrated that treatment with ABA did A novel approach was used to investigate further not alter the levels of anti-ERK1-reactive proteins in whether AMBP kinase might be related to a MAP kinase, epidermal peels.
by assessing the effects of a highly specific inhibitor of AMBP kinase is tyrosine phosphorylated mammalian MAPKK (and therefore MAPK ) activation, PD98059 (Cohen, 1997), on ABA-induced MBP kinase An important characteristic of MAPKs which distinguactivation. Epidermal peels were pre-treated with ishes them from other protein kinases is that their activa-PD98059 (10−4 M for 10 min), followed by treatment tion is dependent upon tyrosine phosphorylation. To with ABA for 5 min. Protein extracts from these treatinvestigate the possibility that AMBP kinase requires ments were then subjected to immunoprecipitation using tyrosine phosphorylation for its activity, protein extracts 4G10 followed by in vitro MBP kinase assay, as described from epidermal peels treated with ABA were incubated above. Pre-treatment of epidermal peels with PD98059 with protein tyrosine phosphatase prior to in-gel kinase substantially reduced the activation of AMBP kinase, as assay. Such treatment reduced the MBP phosphorylating determined by 4G10-immunoprecipitation and MBP activity of AMBP kinase ( Fig. 4A ; c. 50% reduction as kinase assay, compared to ABA treatment alone ( Fig.  determined by scanning densitometry) . To demonstrate 4B). To demonstrate that PD98059 had no effect on the directly that AMBP kinase is tyrosine phosphorylated activity of AMBP kinase, as opposed to its activation, during activation, protein extracts from treated epidermal protein extracts from ABA-treated epidermal peels were peels were immunoprecipitated with the specific antifractionated on MBP-embedded gels and the gels subphosphotyrosine monoclonal antibody 4G10, which has sequently incubated in PD98059 (10−4 M ) prior to kinase been used by other workers to identify MAPKs in plants assay. These experiments revealed that PD98059 had no (Zhang and Klessig, 1997). The resulting immunocomeffect on the activity of AMBP kinase; control treatments using the general serine/threonine protein kinase inhibitor K-252a completely abolished its activity (data not shown).
Effects of an inhibitor of MAPK activation on ABA-induced changes in stomatal aperture
Previous work has shown that ABA-induced stomatal closure and inhibition of opening are mediated via protein phosphorylation (Hey et al., 1997) . To investigate any ABA prevented opening of pre-closed stomata following illumination and resulted in the closure of stomata previaffect the viability of guard cells and other epidermal cells (data not shown). ously opened in the light (Fig. 5A, B) . Treatment with 10−4 M PD98059 substantially inhibited both ABA-ABA-induced dehydrin gene expression is inhibited by an inhibition of opening and ABA-induced closure (Fig. 5A , inhibitor of MAPK activation B). The effects of PD98059 were also ABA-specific, in that incubation in PD98059 alone did not retard lightPrevious work has also shown that ABA induces the induced opening, induce stomatal closure (Fig. 5A, B) or accumulation of dehydrin mRNA in epidermal peels, and inhibit dark-induced closure (data not shown). The conthat this effect requires protein phosphorylation (Hey centration of PD98059 used in these experiments did not et al., 1997). Consequently, the effects of PD98059 on ABA-induced dehydrin mRNA accumulation were assessed ( Fig. 6) . At the lower concentrations, PD98059 had little effect, but incubation in 10−4 M PD98059 dramatically reduced ABA-induced dehydrin gene expression (Fig. 6 ). To confirm that the effects of PD98059 on ABA-induced dehydrin gene expression were specific, the blot was rehybridized with a clone representing a constitutively expressed non-ABA-regulated major intrinsic protein (MIP; EC Burnett and SJ Neill, unpublished results): PD98059 had no effect on the expression of this gene ( Fig. 6 ).
Pea epidermal peels, mesophyll tissue and guard cells express a MAPK gene, and contain proteins immunologically related to MAPKs
A gene encoding a potential MAPK, D5/PsMAPK, has previously been cloned from axillary buds of pea (Strafstrom et al., 1993) . To establish that pea leaf cells also express this gene, RT-PCR with primers designed against PsMAPK sequence was used to clone PsMAPK from isolated guard cells and mesophyll tissue. Messenger RNA from both tissues was used as the template and in both cases generated a 720 bp PCR product; negative controls with no template or with the RT step omitted gave no PCR products (data not shown). These two PCR products were cloned and sequenced to confirm 100% homology to the published D5/PsMAPK sequence. RT-PCR on RNA isolated from epidermal peels also generated the 720 bp product. representative data from one experiment are shown.
It has also been reported that the D5 protein (predicted molecular weight c. 45kDa) was recognized by antibodies raised against the ERK class of mammalian MAPKs (Strafstrom et al., 1993) , which would be in agreement with the in-gel MBP kinase and Western data in Figs 1, 2 and 3, which provide evidence for an ABA-activated MAPK with a molecular weight of c. 45 kDa. Western analysis using the anti-ERK1 antibody was repeated on protein extracts from mesophyll and isolated guard cells as well as on extracts from epidermal peels (Fig. 7) . Mesophyll extracts contained the same three proteins, at molecular weights of c. 45, 49 and 51 kDa, as did epidermal extracts. However, the guard cell extract appeared an extra, weak band at c. 43 kDa ( Fig. 7) . The two lower MBP as substrate. Molecular weights (in kDa) are indicated on the molecular weight bands apparent in guard cell extracts left. Experiments were repeated twice; representative data from one experiment are shown.
were also visible in epidermal and mesophyll extracts after longer exposure times (data not shown).
ABA activates a 45 kDa MBP kinase in mesophyll cells and epidermal peels but not in isolated guard cells
Because RT-PCR generated PsMAPK from guard cells and mesophyll cells, and immunoprobing with the anti-ERK antibody detected a 45 kDa protein in all extracts, in-gel MBP kinase assays were performed on protein in isolated guard cells. However, another MBP kinase, with a molecular weight of c. 43 kDa, potentially correstreatment, in contrast to the mesophyll extract, suggesting ponding to the extra 43 kDa band immunodetected in that although this 43 kDa kinase can utilize MBP as a guard cell extracts (Fig. 7) , was activated by ABA in substrate, it is not tyrosine phosphorylated and unlikely, guard cells. Careful inspection of autoradiographs of intherefore, to be a MAP kinase. gel MBP-kinase assays of epidermal peel extracts revealed that this 43 kDa activity was also present, but at lower levels than the 45 kDa band. To assess whether this
Discussion

kDa kinase had any characteristics of MAP kinases
In recent years numerous studies have reported the similar to AMBP kinase, guard cell extracts were subinvolvement of MAPKs in plant responses to various jected to 4G10 immunoprecipitation followed by in vitro stresses (Hirt, 1997; Mizoguchi et al., 1997) . However, MBP kinase assay (Fig. 9) . Although some activity was considering the large number of plant MAPKs that have precipitated by 4G10, there was no increase after ABA now been cloned ( Kultz, 1998) , there is only limited data demonstrating the effects of hormones, in particular ABA, on MAPK activation. The activation of a MAPK enzyme by auxin in tobacco suspension cultures was described (Mizoguchi et al., 1994) , and recent work has demonstrated that a specific MAPK cascade can actually suppress auxin effects on gene expression ( Kovtun et al., 1998) . It was found that gibberellin regulated the expression of a MAPK homologue in oat aleurone (Huttly and Phillips, 1995), although no effect of GA 3 on MAPK from epidermal peels ( E ), mesophyll tissue (M ) and isolated guard activity in aleurone cells from barley were observed cells (G) were immunoblotted with an anti-ERK1 antibody. Molecular ( Knetsch et al., 1996) . On the other hand, these authors weights (in kDa) are indicated on the right. Experiments were repeated twice; representative data from one experiment are shown.
did report that in this tissue ABA induces rapid activation of a MAPK related to mammalian MAPKs, and that some data suggesting that both a 46 and 49 kDa MBP kinase might represent MAPKs; it is possible, therefore, such activation was correlated with ABA-induced RAB16 gene expression ( Knetsch et al., 1996) . that these are related to AMBP kinase. A functional role has not yet been ascribed to The data in this report demonstrate that ABA induces the rapid and transient activation of an MBP-kinase, PsMAPK. However, PsMAPK could partially complement the hog1 mutant of yeast (Popping et al., 1996) ; AMBP kinase, in epidermal peels prepared from pea leaves, at concentrations within the physiological range HOG1 is a yeast MAPK activated during the glycerol response to osmotic stress ( Waskiewicz and Cooper, at which ABA induces membrane and nuclear responses, and at which ABA is found in epidermal tissues (Hey 1995) . Furthermore, induction and activation of a tobacco pollen MAPK, p45Ntf4, which has >90% homoet al., 1997). AMBP kinase possesses those characteristics that would be expected of a MAP kinase: it utilizes MBP logy with PsMAPK, are sensitive to the hydration status of the tissue ( Wilson et al., 1997) . In pea epidermal preferentially as an artificial substrate, is of the appropriate molecular weight (c. 45 kDa) for known MAPKs tissue, AMBP kinase activity is induced rapidly by ABA, with kinetics consistent with a role in the mediation of ( Kultz, 1998), it is rapidly and transiently activated, it is tyrosine phosphorylated during activation and appears to ABA effects on stomatal movements. A novel and highly specific inhibitor of MAPKK, and therefore MAPK, require such tyrosine phosphorylation for its catalytic activity.
activation, PD98059, which has already made a substantial contibution to defining physiological roles for mamThe molecular identity of AMBP kinase remains to be determined. However, a MAPK gene, D5/PsMAPK, has malian MAPKs (Cohen, 1997), was used to probe the physiological functions of AMBP kinase in pea epidermis. previously been cloned from pea axillary buds (Stafstrom et al., 1993) . RT-PCR was used to clone this gene from
In mammalian cells, the effects of PD98059 are highly specific, in that it binds to, and thus prevents the activaguard cells and mesophyll cells. Recombinant D5 has a molecular weight of c. 45 kDa and is recognized by tion of, the non-phosphorylated form of a sub-set of MAPKKs that normally phosphorylate, and thereby antibodies raised against mammalian ERKs (Stafstrom et al., 1993) . Pea leaf cells contain several proteins that activate, the MAPK/ERK sub-set of MAPKs (Alessi et al., 1995) . Given the high degree of evolutionary are similarly recognized by an anti-ERK1 antibody that has previously been shown to recognize an ABA-activated conservation of MAPK-based signalling cascades ( Kultz, 1998 ), including MAPKKs (Jouannic et al., 1996 MAPK, and other proteins, in barley aleurone ( Knetsch et al., 1996) . One of these, present in extracts from Mizoguchi et al., 1997; Morris et al., 1997) , amongst eukaryotic cells, it is possible that PD98059 has similar isolated guard cells, epidermal peels and mesophyll tissue, has a molecular weight of c. 45 kDa, the same size as effects in plant cells. The data presented here suggest that PD98059 inhibited ABA-induced activation of AMBP AMBP kinase and D5/PsMAPK. It is possible, therefore, that AMBP kinase is D5/PsMAPK. However, based on kinase by inhibiting its tyrosine phosphorylation (Fig. 4) . It did not inhibit directly the tyrosine phosphorylated, immunological data presented in this report with the anti-ERK antibody, and molecular studies with Arabidopsis active form of AMBP kinase, unlike the general serine/ threonine kinase inhibitor K-252a. These observations thaliana (Mizoguchi et al., 1997) , it is likely that pea cells contain several related MAPK enzymes, and unequivocal are in accordance with the mode of action of PD98059 in mammalian cells (Alessi et al., 1995) . PD98059 speidentification will require the use of specific antibodies recognizing only the D5/PsMAPK protein. From inhibcifically inhibited ABA responses: it reduced ABA effects on stomatal closure and inhibition of stomatal opening, itor work with several species, including pea (Hey et al., 1997) , it is clear that ABA effects on stomata are mediated whilst having no effect on light-and dark-regulated stomatal movements ( Fig. 5 ). In addition, at 10−4 M by a number of protein kinases. It was independently demonstrated that ABA activates a 48 kDa protein kinase PD98059 inhibited ABA-induced accumulation of dehydrin mRNA, whilst having no effect on the transcription in V. faba guard cell protoplasts (Li and Assman, 1996; Mori and Muto, 1997) . The AMBP kinase characterized of a non-ABA-regulated MIP gene (Fig. 6) . Such correlation between the biochemical and physiological and in the present work is unlikely to be related to the V. faba ABA-activated protein kinase as both studies promolecular effects of ABA suggests that activation of a MAPK cascade is involved in mediating ABA effects in vided evidence that this latter kinase was not a MAPK. Moreover, it is possible that the activities characterized epidermal peels. That ABA responses are not completely inhibited by PD98059 would be consistent with redund- (Li and Assman, 1996; Mori and Muto, 1997) actually represent different protein kinases despite their apparent ancy in ABA signalling, in that ABA activates more than one intracellular signalling pathway. similarity, as there are a number of differences in the properties reported in the two studies. In fact, Mori and When isolated guard cells were challenged with ABA, the 45 kDa AMBP kinase was not activated, although Muto also detected several MBP kinases in V. faba guard cell protoplasts (Mori and Muto, 1997) , and presented activation was clearly evident in epidermal peels and activated protein kinase kinase in vitro and in vivo. Journal mesophyll cells (Fig. 8) . These data can be interpreted in present and its activity was increased by ABA ( Fig. 8) . was not clearly associated with tyrosine phosphorylation Knetsch MLW, Wang M, Snaar-Jagalska BE, Heimovaara- (Fig. 9) , and it is unlikely, therefore, to be a MAP kinase. extracts of isolated guard cells (Fig. 6 ). Using RT-PCR, 
